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Schlüter,	 2013)).	 But	 issue	 of	 limited	 consumer	 acceptability	 is	 prevalent	 particularly	 in	 western	17	
countries.		These	are	also	the	countries	with	high	animal	product	consumption	rates	per	capita,	and	18	










a	 living	 animal.	 	 The	meat	 is	 produced	 by	 culturing	 animal	 stem	 cells	 in	 a	 medium	 that	 contains	29	
nutrients	and	energy	sources	required	for	the	division	and	differentiation	of	the	cells	into	muscle	cells	30	
that	 form	 into	 tissue	 (Bhat	 et	 al.,	 2015),	 with	 commercial	 scale	 production	 anticipated	 by	 2021	31	
(Verstrate,	2016).		The	tissue	produced	can	be	separated	for	further	processing	and	packaging.		The	32	






















qualities	 (e.g.	 texture,	 flavour	 and	 appearance)	 and	 the	 nutrient	 qualities,	 without	 using	 meat	9	
products.		Soy	based	products,	such	as	tofu	or	tempeh,	are	perhaps	the	most	widely	known	imitation	10	
meats	 (Malav	 et	 al.,	 2015).	 	 Tofu	 is	 soybean	 curd,	made	 from	 coagulated	 soy	milk,	 and	 has	 been	11	





























































production	 area.	 	 The	 areas	 for	 the	 processed	 primary	 crops	 were	 mapped	 to	 the	 commodities	28	
produced,	 and	 allocated	 by	 economic	 value	 (e.g.	 soybeans	 processed	 into	 soybean	 oil	 and	 meal)	29	
(Alexander	et	al.,	2016).	 	The	 feed	use	was	divided	between	animal	products	using	estimated	 feed	30	
requirements.	Monogastric	 livestock	 (i.e.	poultry	and	pigs)	nutrition	was	assumed	to	be	met	solely	31	
from	feed,	while	feed	and	grazed	pasture	is	used	for	ruminant	species	(e.g.	cattle	and	sheep).		Feed	32	






using	2011	global	 average	production	efficiencies.	 	 These	were	used	 to	estimate	 the	 cropland	and	39	
pasture	 areas	 needed	 for	 diets	 containing	 these	 commodities,	 with	 the	 resulting	 areas	 expressed	40	
through	the	HALF	index,	i.e.	as	the	percentage	of	total	land	area	required	for	food	production.		The	41	
HALF	 index	does	not	provide	a	 land	use	footprint	 for	particular	countries	or	regions,	but	addresses	42	
questions	 such	 as	 “how	much	 land	 would	 be	 used	 if	 the	 global	 population	 adopted	 diet	 X”.	 The	43	
approach	provides	a	 comparative	metric	of	 the	 land	 requirements	of	different	diets,	 and	a	way	 to	44	



























































































































































































































Huis,	2013).	 	 Insects	are	also	high	 in	a	variety	of	micronutrients	 such	as	 the	minerals	 copper,	 iron,	10	
magnesium,	manganese,	phosphorous,	 selenium,	and	zinc	and	 the	vitamins	 riboflavin,	pantothenic	11	
acid,	biotin,	and	in	some	cases	folic	acid	(Persijn	and	Charrondiere,	2014;	Rumpold	and	Schlüter,	2013).		12	
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dairy	herd	currently	assigned	 to	milk	 rather	 than	meat	production	 is	between	90-96%	 (Opio	et	al.,	31	
2013).		32	
	 	33	
(b) Imitation	meat	and	soybean	production	34	
The	imitation	meat	scenario,	based	on	soybean	curd,	implies	that	more	cropland	is	used	for	growing	35	
soybeans,	while	the	other	meat	replacement	scenarios	use	a	more	diverse	mix	of	feeds.	The	36	
additional	soybean	areas	may	be	less	suited	to	the	crop	and	so	would	have	lower	yields	than	existing	37	
production,	potentially	leading	to	an	underestimate	of	the	area	needed	when	using	average	yields.		38	
An	additional	111	Mha	of	soybean	area	was	calculated	as	needed	(i.e.	a	doubling	of	2013	area	39	
(FAOSTAT,	2015c)),	while	248	Mha	of	cropland	currently	used	for	animal	feed	is	spared.		Therefore,	40	
the	net	cropland	area	decreases	in	this	scenario	suggest	that	suitable	land	may	be	available,	although	41	
this	would	also	be	constrained	by	climatic	suitability.		However,	higher	soybean	yields	would	be	42	
anticipated	to	have	only	a	small	impact	on	the	results	as	the	net	percentage	agricultural	area	change	43	
is	dominated	by	the	change	in	pasture	area.		The	expansion	of	soybean	area	may	have	substantial	44	
local	impacts,	e.g.	on	biodiversity	and	soil	quality,	due	to	the	intensity	of	production.		However,	the	45	
		 16	
land	spared	from	agricultural	production	by	the	transition	could	be	potentially	used	to	offset	such	1	
negative	outcomes.		This	would	be	a	form	of	‘land	sparing’,	i.e.	separation	of	land	for	conservation	2	
and	food	production,	in	contrast	to	‘land	sharing’	with	integration	of	conservation	and	production	3	
(Phalan	et	al.,	2011).		However,	attempting	to	account	for	the	associated	trade-offs	and	scale	effects,	4	
as	well	as	the	challenges	and	controversy	involved	(Fischer	et	al.,	2014),	are	out	of	scope	for	5	
consideration	here.	6	
		7	
(c) Cultured	meat	and	energy	8	
The	results	suggest	that	the	benefits	claimed	for	cultured	meat	(Tuomisto	and	de	Mattos,	2011)	may	9	
not	be	justified.		Although	cultured	meat	was	found	to	have	a	lower	land	footprint	than	beef,	it	had	a	10	
similar	efficiency	to	poultry	meat	(Figure	1	and	2),	but	with	substantially	higher	direct	energy	11	
requirements	(Table	1	and	S1).		Direct	energy	inputs	are	needed	for	cultured	meat	to	process	raw	12	
biomass	material	into	the	cell	medium,	to	then	culture	the	cells	and	process	them	into	a	consumable	13	
product,	including	sterilisation	and	hydrolysis	(Tuomisto	and	de	Mattos,	2011).		Conventional	14	
livestock	use	direct	energy	primarily	in	housing,	e.g.	lighting,	heating	and	cooling	(Macleod	et	al.,	15	
2013).		Direct	energy	inputs	for	cultured	meat	(18-25	GJ/t	(Tuomisto	and	de	Mattos,	2011),	Table	1)	16	
are	higher	than	any	of	the	other	foods	considered	here	(at	least	four	times	the	highest	conventional	17	
animal	product,	poultry	meat	(4.5	GJ/t	(Macleod	et	al.,	2013)).		This	suggests	that	a	low-cost	and	low-18	
carbon	source	of	energy	may	be	a	prerequisite	for	cultured	meat	to	be	economically	and	19	
environmentally	viable.		Furthermore,	the	provision	of	growth	factors,	vitamins	and	trace	elements,	20	
e.g.	B12,	will	also	have	an	impact	on	the	resources	used	for	cultured	meat,	although	the	scale	of	this	21	
is	unclear.		However,	the	overall	primary	energy	used	in	the	production	of	cultured	meat	production	22	
was	shown	to	be	46%	lower	than	for	beef	production	(e.g.	including	energy	in	fertiliser	production	23	
and	machinery),	but	38%	higher	than	for	poultry	meat.		Given	the	relative	novelty	of	this	technology,	24	
further	development	and	optimisation	may	be	able	to	reduce	these	energy	and	cost	requirements	25	
and	increase	the	efficiency	of	production	(Bhat	et	al.,	2017).		These	improvements	would	potentially	26	
involve	development	of	improved	methods	for	producing	the	cell	culture	medium	beyond	that	27	
assumed	here.		The	types	of	feed	used	may	not	match	the	current	animal	feed	mix,	although	the	land	28	
use	consequences	of	such	differences	are	likely	to	be	lower	than	that	associated	with	the	uncertainty	29	
in	efficiency	of	cultured	meat	production,	and	would	not	be	expected	to	alter	our	conclusions.		30	
Overall,	currently	cultured	meat	could	provide	some	benefits	(e.g.	land	use	savings	compared	to	31	
beef),	but	result	in	higher	direct	energy	requirements	and	also	potentially	primary	energy	(e.g.	in	32	
comparison	to	poultry	meat).		This	conclusion	concurs	with	a	more	recent	anticipatory	life	cycle	33	
analysis	of	culture	meat	production	(Mattick	et	al.,	2015b).			34	
	35	
(d) Insects,	promising	but	more	research	needed	36	
Insects	are	the	most	efficient	animal	production	system	considered,	although	less	so	than	soybean	37	
curd.		However,	insects	have	the	additional	advantage	that	they	are	able	to	use	a	wide	variety	of	38	
feeds,	including	by-products	and	waste	(Ocio	and	Vinaras,	1979;	van	Broekhoven	et	al.,	2015).		The	39	
results	here	assume	that	insect	feed	uses	the	same	mix	of	feeds	currently	used	for	conventional	40	
livestock.		However,	if	half	of	food	discarded	by	consumers	(from	Alexander	et	al.	(2017))	could	be	41	
used	as	feed	for	mealworms,	this	would	replace	8.1%	of	current	animal	production.		Where	the	total	42	
feed	is	reduced	there	is	potential	for	this	to	occur	primarily	for	food	commodities	(e.g.	cereals),	and	43	
thereby	increase	the	proportion	of	by-products.		Although	by-products	are	ascribed	some	value	44	
when	considering	their	impacts	(Elferink	et	al.,	2008),	the	system	efficiency	increases	by	replacing	45	
		 17	
lower	yielding	conventional	livestock	with	insects	(Figure	1).		For	instance,	soybeans	could	be	used	to	1	
produce	soybean	curd,	and	then	feed	insects	from	the	residues.	2	
	3	
More	research	is	needed	to	understand	how	the	large	scale	production	of	insects	could	be	achieved,	4	
the	inputs	required,	the	suitability	of	feeds,	and	other	constraints	(e.g.	location)	(van	Huis,	2013).		5	
There	is	little	published	data	on	the	feed	efficiency	of	insect	production.		However	direct	energy	6	
inputs	for	intensive	insect	production	appears	comparable	to	intensive	conventional	livestock	7	
production	(Oonincx	and	de	Boer,	2012).		Perhaps	the	biggest	barrier	to	the	large	scale	global	8	
adoption	of	insects	as	a	food	source	is	consumer	acceptability	(Looy	et	al.,	2013;	Shelomi,	2015),	9	
where	again	further	research	is	required	to	understand	how	best	to	increase	adoption	and	what	rate	10	
and	levels	of	consumption	might	be	possible.	11	
	12	
(e) A	future	for	ruminants?	13	
The	land	use	footprint	of	ruminant	meat	production	is	high,	and	therefore	consuming	more	beef	and	14	
sheep	meat	requires	large	increases	in	land	areas	(Figure	2).		Although	ruminants	are	less	efficient	15	
converters	of	feed	to	edible	foods	than	monogastrics	(Table	1),	their	high	reliance	on	forage	that	is	16	
inedible	to	humans	from	non-arable	land	reduces	their	claim	for	feeds	produced	on	cropland	(Smil,	17	
2013).		Livestock	production	can	also	provide	a	range	of	other	benefits,	e.g.	recycling	plant	nutrients,	18	
maintaining	ecosystems	and	providing	social	benefit	(Janzen,	2011;	Oltjen	and	Beckett,	1996).		19	
Therefore,	ruminants	that	are	mainly	grass-fed	from	land	that	is	unsuitable	for	the	production	of	20	
other	crops	may	provide	substantial	benefits,	but	this	implies	a	move	away	from	intensive	21	
production	practices,	i.e.	that	use	large	quantities	of	feed	produced	from	cropland.		Such	extensive	22	
grazing	based	systems	are	likely	to	produce	a	reduced	quantity	of	livestock,	and	therefore	per	capita	23	
consumption	rates	of	ruminant	meat	would	have	to	continue	to	fall	to	avoid	unsustainable	land	use	24	
change.		Additionally,	changes	towards	consumption	of	diets	with	lower	land	use	requirements	also	25	
provide	the	prospect	of	reduced	competition	for	land	between	food	production	and	climate	change	26	
mitigation	measures,	e.g.	bioenergy	or	afforestation	(Smith	et	al.,	2014).	27	
	28	
5. Conclusions	29	
These	results	suggest	that	alternatives	to	the	current	mix	of	livestock	production	systems	could	30	
substitute	current	animal	products	and	substantially	reduce	the	current	agricultural	land	use	31	
footprint	from	food	production.		Reducing	meat	consumption	overall	is	likely	to	have	the	greatest	32	
effect	on	the	land	use	footprint,	but	replacing	beef	or	lamb	with	any	of	the	foods	considered	here	33	
has	the	potential	for	substantial	sustainability	benefits.		Although,	the	two	most	efficient	products	34	
considered,	i.e.	imitation	meat	and	insects,	both	come	with	consumer	perception	barriers,	a	shift	35	
towards	poultry	meat,	eggs	and	milk	was	also	found	to	offer	land	use	and	associated	environmental	36	
benefits,	of	only	slightly	smaller	magnitudes.		Reductions	in	consumer	waste	have	potentially	37	
important	but	smaller	impacts	on	resource	requirement	than	the	other	scenarios	considered.		We	38	
conclude	that	a	diet	which	reduces	agricultural	land	requirements	may	best	be	achieved	through	a	39	
combination	of	approaches,	including	both	waste	reduction,	shifts	towards	more	efficient	40	
conventional	animal	products	(e.g.	chicken	and	eggs),	and	greater	use	of	alternatives	such	as	insect	41	
and	imitation	meat.		A	more	balanced	approach	than	those	in	the	stylised	scenarios	considered	here	42	
would	also	require	less	extreme	shifts	in	diets	and	therefore	need	less	dramatic	changes	in	consumer	43	
consumption	habits.		This	work	focuses	principally	on	the	land	requirements,	although	out	of	scope	44	
		 18	
here,	a	similar	consistent	greenhouse	gas	lifecycle	analysis	across	all	options	is	warranted,	as	well	as	1	
consideration	of	consequences	for	biodiversity,	water	requirements	and	other	ecosystem	services.		2	
Further	research	is	also	required	into	the	technologies	and	production	systems	for	the	large	scale	3	
production	of	insects,	including	what	feeds	are	most	appropriate	and	the	potential	use	of	food	waste	4	
and	by-products,	and	to	better	understand	how	consumer	behaviour	and	preferences	can	be	5	
influenced	towards	a	healthier	and	more	sustainable	diet.	6	
	7	
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